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Introduction
We previously demonstrated that a non-neuronal cholinergic system in cells was involved in regulating cellular energy metabolism by negatively modulating mitochondrial function. This was observed by knockdown of a rate-limiting enzyme choline acetyltransferase (ChAT), responsible for acetylcholine (ACh) synthesis, leading to reciprocally accelerated oxygen Oikawa/Iketani/Kakinuma: A non-Neuronal Cholinergic System that Regulates Cellular ATP Levels Cellular Physiology and Biochemistry
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consumption by knockout cells [1] . Based on this function, cells in which ChAT was deleted were susceptible to cell death, particularly under hypoxic conditions, produced more reactive oxygen species after treatment with norepinephrine, and had excessive reductions in cellular ATP levels [2] . These results suggested that a non-neuronal cholinergic system prevented mitochondria from excessive oxygen consumption or oxidative stress [1, 2] .
overexpression of this system and found that the heart was spared from ischemic insults caused by accelerated angiogenesis and augmented cardiac glucose uptake through enhanced cardiomyocyte-expression of glucose transporter (Glut)-4. Consequently, the heart acquired ischemic or hypoxic resistance [3] . These results suggested that a non-neuronal cholinergic substrates and maintenance of cellular ATP levels. However, a system for real-time monitoring of cellular ATP levels is still required, as opposed to the current conventional methods used along with commercially available kits, because in these conventional methods, ATP levels are evaluated using a cell-lysis procedure, methods are based on direct measurements of ATP levels in cell-lysates, i.e., ATP levels in the same viable cells cannot be monitored or estimated in a sequential manner. Consequently, real-time monitoring of cellular ATP levels, particularly under pathological conditions, is impossible. However, advances in technology have gradually enabled monitoring ATP levels in viable cells.
Based on a previous study [4], we developed a fusion protein expression vector that receptorvector, we investigated our hypothesis that compared with ChAT non-expressing cells ChATexpressing cells may have increased ATP levels.
Materials and Methods
Cell culture HEK293 cells were purchased from the Japanese Collection of Research Bioresources Cell Bank, Eagle's medium (DMEM; Wako Pure Chemical Industries, Ltd., Osaka, Japan) with low glucose (1000 mg/L) and supplemented with 10% FBS and antibiotics. HEK293 cells transfected with the expression vector pEBMulti-Hyg (Wako Pure Chemical Industries, Ltd.), harboring a gene of interest, were cultured in the presence of hygromycin (500 g/mL) to obtain a stable transformant. In a serum starvation experiment, cells were treated with fresh DMEM without serum and were continuously cultured without changing the medium for more than 1 week until cell death was observed.
Membrane-targeting luciferase expression vector
With reference to a previous report [4], we constructed a membrane-targeting luciferase expression vector. The human folic acid receptor-gene was subcloned into a pIRES-EGFP expression vector and digested gene in the expression vector being responsible for membrane targeting of the folic acid receptor. A fulllength luciferase gene that harbored additional SalI and PstI sites was inserted into the folic acid receptorin-frame to the folic acid receptor-gene. This constructed expression vector was designated as the Luc-FR vector (Luc-FR). As previously reported [2] , pEBMulti-Hyg (Wako Pure Chemical Industries, Ltd.) was used to overexpress the murine ChAT, the full coding sequence of which was subcloned into this vector and was designated as the ChAT vector (ChAT). To transiently express both Luc-FR and ChAT, the Effectene cationic 
Luciferase assay
At 48-h after transfection with Luc-FR alone or with Luc-FR and ChAT, cells were treated with PBS containing 20-M luciferin (WAKO Chemicals) at 37 C for 15 min in the presence or absence of ATP at different concentrations (1 nM 1000 M), followed by measurements of luciferase activities in PBS using a luminometer (GloMax corrected by the activity of Sea Pansy using a Sea Pansy reporter vector, which was transfected with the above vector, according to the manufacturer's protocol (Toyo B-Net Co., Ltd., Tokyo, Japan).
Cellular ATP measurements
Cellular ATP levels were measured in cell-lysates using a commercial kit (Amerix, Tokushima, Japan). With reference to a standard luciferase activity curve deduced by the corresponding ATP concentration, the actual ATP concentration was determined.
Glucose uptake using 2-NBDG
The glucose analogue 2-NBDG (Life Technologies) was used to assess cellular glucose uptake. 2-NBDG (100 M) was added to the culture medium of a stable transformant of HEK293 cells that expressed ChAT MTT activity assay As previously reported [2] , cell viability was determined using a commercial kit (Cell Counting Kit-8, Dojindo Laboratories, Kumamoto, Japan).
Statistical analysis
Results are presented as means standard errors of the mean. Results for two groups were compared using a non-parametric Student's t-test. A P
Results
The Luc-FR vector induces luciferase protein expression in the plasma membrane First, Luc-FR vector-transfected cells were examined to determine whether the luciferase protein synthesized by these cells was expressed in the plasma membrane. As shown by western blot analysis ( 
The Luc-FR vector induces luciferase activity in cells in response to extrinsic ATP
In a previous study [4] , membrane-targeted luciferase responded to ATP in the culture medium. Thus, we determined whether luciferase activity dose-dependently increased concentrations ranging from 1 nM to 1000 M. Luciferase activity slightly increased in the presence of 100-nM ATP (151.6 21.0%, P < 0.01, n = 3), and increased only minimally at a concentration of 1- Glucose deprivation alone reduced luciferase activity in PBS used for treating transfected cells within 8 h to 33.6 6.4% (P < 0.01), followed by a further decrease to 29.4 3.4% (P < 0.01) within 24 h; however, these cells remained alive. Luciferase activity that was downregulated with the 8 h-glucose deprivation recovered and increased after adding glucose (122.6 12.3%, P < 0.01).
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at a concentration of >10-M ATP (512.8 108.8%, P < 0.01, n = 6). This suggested that luciferase activity did not respond to extrinsic ATP, when the intracellular ATP level exceeded the exogenous level, although it did increase after reaching a threshold that exceeded the intracellular ATP level.
Effects of the culture medium glucose concentration on luciferase activity
To assess the activity of the Luc-FR vector under certain pathological conditions, luciferase activity was determined in cells that were placed in a culture medium with a low glucose level (Fig. 3) . Compared with the luciferase activity of control cells cultured with standard amounts of glucose (100.0 5.6%), a glucose-free condition of 8 h drastically decreased the activity level to 33.6 6.4% (P < 0.01, n = 9). However, cells remained alive during this time period and 24-h later, the activity level further decreased to 29.4 3.4% (P < 0.01, n = 6). Glucose supplementation after this 8-h glucose depletion resulted in increased luciferase activity reaching its previous level under normal conditions (122.6 12.3%, P < 0.01 vs. 8-h glucose free condition, n = 9).
Measurement of cellular ATP levels using the Luc-FR vector compared with those measured using a commercial kit ATP concentrations in cells cultured in a 24-well plate were determined using a commercial ATP kit. Cellular ATP levels ranged from 10 -6 to 10 -5 M with luciferase activities of approximately 10 7 . Prior cell lysis for ATP determination, luciferase activity in the PBS reaction mixture was determined in which Luc-FR vector-transfected cells were incubated (i.e., PBS supernatants used for luciferase activity measurements and cell lysates of the same cultured cells for cellular ATP measurements). With reference to a standard curve for cellular ATP concentrations, Luc-FR luciferase activity was also found to be approximately 10 7 , which was similar to the actual luciferase activity.
To validate the relationship between Luc-FR vector-derived luciferase activity and the actual cellular ATP level-dependent luciferase activity, we compared the relative increases in Luc-FR luciferase activity level (X, independent variable) with the actual ATP-dependent luciferase activity (dependent variable). The actual luciferase activity (X) and the actual ATP level (Y) were described by the equation as follows: Y = 5 10 6 + 647405X. The correlation 2 = 0.3592. This suggested that the vector-derived luciferase activity positively correlated with the actual ATP-derived activity.
ChAT overexpression effects on luciferase activity
We previously reported that a non-neuronal cholinergic system is involved in suppressing cellular energy metabolism determined by knockdown of ChAT gene [1, 2] . However, whether cellular ATP levels were upregulated in ChAT-expressing cells remains cholinergic system on ATP levels (Fig. 4) . The fold-increases in luciferase activity in ChAT- Fig. 4 . The non-neuronal cholinergic system augmented by ChAT overexpression maintains increased cellular ATP levels. For ChATexpressing cells, the luciferase activity in PBS used for treating these cells was not upregulated after adding 100 M of ATP (208.9 28.2%, P < 0.01, n = 6). However, there was an abrupt increase in luciferase activity after the addition of > 500 M of ATP (1029.2 252.2%, P < 0.01, n = 6 8). This contrasted considerably with the results in Fig. 2 . Bars indicate average fold-increases in luciferase activity for 3 4 independent experiments. Fig. 2 , in which luciferase activity was increased more by 10 M of ATP (512.8 108.8%, P < 0.01, n = 3 6). Because the activity response of ChATexpressing cells to exogenously-added ATP began after that of control cells, suggesting that ChAT was involved in sustaining ATP levels to a greater degree in these cells than in control cells. Using this Luc-FR vector system, ChAT-expressing cells was observed to have a higher baseline luciferase activity compared with control cells (222.2 25.6%, P < 0.01, n = 9), which supported our speculation noted above.
ChAT overexpression induces IGF-1R and Glut-1 protein expression
To investigate the phenotypes that resulted from the activation of this non-neuronal cholinergic system, we investigated the protein expression of IGF-1R, insulin receptor (IR), and Glut-1. Compared with control cells, ChAT-expressing cells already had increased (Fig. 5A) ; both these proteins are involved in glucose uptake. With insulin (0.1 M), the Glut-1 response was augmented in ChAT-expressing cells. However, IR protein expression levels were comparable in transfected and control cells (data not shown). These results suggested that the upregulated non-neuronal cholinergic system resulted in increased glucose utilization.
Enhanced glucose incorporation in ChAT-expressing cells
To clearly demonstrate the role of this system, we performed a glucose incorporation assay using the glucose molecular probe 2-NDBG (Fig. 5B) . Compared with control cells, 90 min ( Fig. 5B and 5C ). Within 15 min, ChAT-expressing cells more rapidly incorporated 2-NDBG than control cells. As a result, compared with control cells, more and stronger green 2-NDBG signals appeared in ChAT-expressing cells along their plasma membranes in a linear pattern. After 90 min, more 2-NDBG was incorporated in ChAT-expressing cells and higher intensity signals were detected in their cytoplasm. These results indicated that this non-neuronal cholinergic system had increased glucose uptake.
ChAT-expressing cell viability under serum deprivation condition
Based on the results described above, this non-neuronal cholinergic system possibly had subjected to continuous serum deprivation for 7 days. During this period, morphologies of control cells gradually appeared round and some of these cells died. In contrast, a larger number of ChAT-expressing cells survived during serum deprivation (ChAT1: 328.1 44.4% and ChAT2: 389.7 94.8%, P < 0.01 vs. control, n = 8; Fig. 6 ). These results suggested that this non-neuronal cholinergic system had a critical role in salvaging cells under poor nutrient-
Discussion
We previously focused on a functional role of a non-neuronal cholinergic system [1] . Based on the results of the previous study, we found some novel effects of this system in which cells had increased ATP levels if this system was activated. However, we had not yet investigated the detailed effects of this system, because cellular ATP levels were only advanced method was required to monitor ATP levels in real-time. In this study, we developed us to quantify cellular ATP levels using a culture medium supernatant without the need for cell lysis. evaluating cellular ATP levels in real-time without the need for cell lysis. The fold-increases in luciferase activity observed in cells transfected with this vector were well correlated with levels exceeded the extracellular ATP level, which was altered by adding ATP to the culture medium, luciferase reporter activity was not affected and showed no abrupt increases (Fig.  2) . However, when the extrinsic ATP level exceeded cellular ATP levels, luciferase activity was affected by this extrinsic ATP and increased exponentially relative to the extrinsic level.
The fold-increases in luciferase activity in control cells exceeded 500% after adding >10 M of ATP (Fig. 2) . However, introducing ChAT shifted the extrinsic ATP concentration required for a >500% increase in the luciferase activity to 100 M 500 M (Fig. 4) . This indicated that ChAT-expressing cells contained more ATP than ChAT non-expressing cells. Thus, the usage of this novel reporter vector system demonstrated that a non-neuronal cholinergic system had a critical role in sustaining cellular ATP levels. Furthermore, the actual ATP levels deduced by conventional luciferase activity measurements were well correlated with fold-increases in luciferase reporter activity. This suggested that this reporter method could be used instead of a cell-lysis-based ATP monitored by sampling the medium in which cells are incubated.
ChAT-expressing cells increased glucose uptake, because compared with control cells, 2-NDBG was more rapidly incorporated into ChAT-expressing cells. In addition, during the early phase of 2-NDBG uptake, signals appeared in a linear pattern along plasma membrane and even during the later phase, higher intensity signals were detected in the cytoplasm of ChAT-expressing cells. This appeared to be mediated by the non-hypoxic HIF-1 induction pathway through ACh, as per our previous study in which we reported that extrinsic ACh upregulated HIF-1 protein expression through PI3K/Akt [5] . Therefore, we speculated that intrinsic ACh synthesized by ChAT-expressing cells also may have a role similar to that of extrinsic ACh. HIF-1 is a master transcription factor responsible for glucose metabolism, including glycolysis and glucose uptake and utilization [9, 10, 11] . Thus, increased ACh levels in ChAT-expressing cells may have a crucial role in upregulating the HIF-1 protein level and muscarinic and several nicotinic receptors based on results of Western blot and RT-PCR from our previous study [1] . Therefore, we speculated that cell-derived ACh, released into HEK293 cells in an autocrine and/or paracrine manner. Although direct evidence regarding a fashion for ACh release has not yet been obtained, some studies have indicated that synthesized ACh could be released into extracellular spaces through nonquantal mechanisms of secretion, i.e., a continuous release independent of ACh-containing vesicles [12, 13] .
Based on the phenotypes induced by this activated non-neuronal cholinergic system, to prolonged serum deprivation (Fig. 6) . The HEK293 cells often used in our studies were characterized under serum deprivation conditions. When cultured in DMEM alone, cell proliferation was suppressed, cell survival signals were attenuated, and increased cell death concomitant appearing round causing increased detachment from culture dishes had all occurred within 1 week. Compared with control cells, which usually died within 1 week of serum deprivation, more ChAT-expressing cells survived during that same period. Their survival rate was three times higher than that of control cells. The mechanism underlying this phenomenon was speculated to be that more ACh synthesized in ChAT-expressing cells increased glucose uptake by inducing glucose utilization-related gene expression by HIF-1 , and this induction increased cellular ATP levels and sustained these ATP levels in the cytoplasm. Till date, there have been no reports on the effects of ACh on cell survival under serum deprivation. However, results of other studies that used nicotine rather than ACh may agree Oikawa/Iketani/Kakinuma: A non-Neuronal Cholinergic System that Regulates Cellular ATP Levels Cellular Physiology and Biochemistry
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with the results of this study [14] [15] [16] . Furthermore, partly through a negative modulation of energy metabolism, as previously reported [1, 2] , ATP consumption may be attenuated, which would contribute to upregulating ATP levels. Together with the present study results, we concluded that the activation of a non-neuronal cholinergic system resulted in ATP upregulation through increased utilization of glucose and negative regulation of ATP consumption.
